Abstract Cablegation is a simple system for automating surface irrigation in small-and medium-sized fields using a gated pipe. In this work, a Programmable Logic Control, PLC, was used to develop an adaptive cablegation system capable of establishing the infiltration equation in real time and then adjusting the irrigation times to the infiltration rate and field geometry. A controlling program was developed for the on-field determination of the infiltration equation, simulation of advance in each furrow, and the optimization and management of the irrigation event. The equipment was tested in three experimental stations, including a Luvissol field organized in contour terraces with furrows of various lengths. The results demonstrate the capability of the system to adapt the application times to the different furrow lengths and the gradual decrease in the soil infiltration and to recommend an application depth that optimizes the Application Efficiency. Various improvements were made to this solar-powered cablegation, resulting in a reliable surface irrigation system capable of unsupervised operation.
Introduction and objectives
The non-renewable nature of the world 0 s energy sources spells an inevitable increase in energy and raw-material costs, which will sooner or later question the economic feasibility of some pressurized irrigation systems. Additionally, there is a growing environmental concern with the annual waste of plastic in driplines and the emissions associated with pressurizing water. Nevertheless, the most pressing concern is probably the runoff and erosion from center pivots in soils with low infiltrability (Luz and Heermann 2005; Santos et al. 2003) . This is particularly the case in southern Portugal where these systems have been installed extensively in areas with rolling hills and very shallow soils of low infiltration, such as Luvissols. The continued degradation of these soils associated with the end of subsidies to offset the installation costs provides little incentive for farmers to invest in costly irrigation systems.
Against this background, it might be timely to prepare for a potential renewed interest in alternative systems, such as surface irrigation, that can adequately handle small-and medium-sized fields. At the same time, technological advances in recent years allow the development of automated surface irrigation systems that in association with available conservative technologies can provide farmers with reliable and eco-friendly alternatives.
In surface irrigation, performance is very much dependent on the infiltration characteristics of the soil, which are not constant. They change with initial soil water content, roughness, and from one irrigation event to next. Thus, any automatic surface irrigation system must be able to foresee or measure infiltration and advance time during the early stages of the irrigation and make the necessary adjustments to application rate and depth in real time. Additionally, the actual field geometry and its organization, such as terracing, result often in furrows with different lengths, which present an added challenge, since they need to receive the same application depth.
The aim of the present work was to develop an automatic cablegation system that at the start of each irrigation adapts the application times to existing soil infiltration and individual furrow lengths. Such a system when used in association with soil conservation technologies, namely terracing and minimum tillage, is particularly adapted to fields with low infiltration, which are dominant in various parts of the world.
The autonomous and adaptive system developed in this work must, without human intervention, (a) collect field data and establish the infiltration parameters in real time, (b) model advance and optimize the irrigation for each furrow, and (c) execute the actual irrigation. To achieve these goals, an industrial PLC was used to automate a cablegation surface irrigation system and control the various stages of the irrigation event.
The three main components of this work were as follows: software development (infiltration, modeling, and management modules); development of the control and irrigation equipment; and field trials involving continuous improvement in the equipment and software.
Developments in surface irrigation

Advances in automation
The eighties were a prolific period for important breakthroughs in the theory and practice of surface irrigation. Modeling of infiltration and advance opened new horizons for designing irrigation systems. Works like Souza (1981) , Strelkoff and Clemmens (1981) , Elliot and Walker (1982) , and Haie (1984) made it possible to simulate irrigation events based only on-field geometry and infiltration equation. Other breakthroughs were made in the form of surge flow (Stringham and Keller 1979) and cablegation (Kemper 1981) which allowed automation in soils with, respectively, high and low infiltration rates.
Cablegation uses commercially available 150-or 200-mm gated pipe to sequentially irrigate long furrows (Kemper et al. 1985 ) with a progressive cutback inflow. The ''gates'' or outlets are near the top side and are left open. The pipe is laid on a precise grade and a plug moves slowly through the pipe causing water to flow, sequentially, into the furrows (Fig. 1) . A light cable or line from a reel at the pipe inlet is attached to the plug. The cable is reeled out according to the desired rate at which the irrigation is to progress across the field. Water flows in the pipe below the level of the outlets until it reaches the plug. This obstruction causes the water to fill the pipe and run out of the outlets near the plug. Flow in any furrow gradually decreases as the plug moves downstream. This creates a typical hydrograph with a gradual cutback that should be designed to match the natural decrease in soil infiltration rate and help reduce tailwater runoff. Because the system encourages rapid initial advance and later cutback of flow, water application is more uniform and runoff and deep percolation are reduced (Jayasudha and Chandrasekaran 2001; Moravejalahkami et al. 2009 ).
The main challenge in automating surface irrigation is the temporal and spatial variability of infiltration, which happens to be also the most important determinant of the irrigation system performance (Oyonarte et al. 2002) . Due to this variability, it is necessary to establish infiltration parameters in real time and thus the need of some sort of feedback from the field (Khatri and Smith 2006) . Reddell and Latimer (1987) coupled the volume balance inference of infiltration to real-time conditions with a microcomputer located near the field in which sensor readings were processed to determine when the advance phase was completed and how the system could be set for the cutback flow. Katapodes et al. (1990) conceived a Fig. 1 In cablegation, a plug (top-right) moves slowly inside a gated pipe. As the plug moves away from a furrow, the flow rate decreases in that furrow, so an ideal hydrograph is applied with a series of gradual cutbacks (bottom-right). A controller at the inlet establishes the timing for irrigation in each consecutive furrow system that uses advance times to calculate the optimum inflow hydrograph and adjusts the inflow rate accordingly. Humpheris and Trout (1990) developed what is probably the first cablegation system controlled by feedback from the field. They used sensors to measure total tail water leaving the field and a computer to accelerate or slow irrigation accordingly. Sousa et al. (1992) developed a computerized cablegation system that is pre-configured with a set of application times adapted to different field geometries and soils. The authors developed a system based on a modified PC to control a cablegation system in a field organized in contour terraces (Shahidian et al. 1998) . The system uses advance data provided by the operator to calculate infiltrability and control the application times in each furrow. Humpherys and Fisher (1995) used wireless water sensors at a downfield irrigation cutoff point to control inflow. Fekersillassie and Eisenhauer (2000) developed a system that uses advance time to of the field in eight furrows and the tail water to calculate the Kostiakov equation that is then used to manage irrigation in real time. Lam et al. (2007) developed a camera-based feedback system that monitors the advance of water down the furrows and then adjusts the water discharge at the inlet using an automated gate valve. Other authors have development decision support tools for farmers to improve the management of existing systems (Pérez et al. 1995; Sanchez et al. 2008; Goncalves and Pereira 2009) , relying on the farmer to do the actual implementation of the results.
Although surge irrigation and cablegation have demonstrated significant water and labor savings, significant adoption has not occurred because the irrigation industry does not have reasonably priced products that integrate the particular soil, slope, and water flow conditions to achieve improved system performance (Buchleiter 2007) .
Advances in infiltration theory and practice
Soil infiltration characteristics are usually expressed in a time-dependant infiltration equation. The most common type is the Kostiakov equation (Furman et al. 2006) :
where Z is the cumulative infiltration depth (L m -1 ), t is infiltration opportunity time (min), k (L min -a m -1 ) is a coefficient indicating initial infiltration, and a is an exponent indicating the shape of the accumulated infiltration curve. The Kostiakov-Lewis equation adds a parameter, f 0 , to account for the basic infiltration rate 1 in more permeable soils where infiltration does not tend to zero over time. Alvarez (2003) assumed that a did not vary with inflow rate and that k varied in response to various inflow rates.
The preferred methods for calculating the infiltration parameters use irrigation advance data (Khatri and Smith 2005) . These equations are excellent for simulating the advance phase, while equations obtained from inflow/outflow data are better at predicting the runoff volumes and cumulative infiltration (Gillies and Smith 2005; Ebrahimian et al. 2010 ). The two-point method (Elliot and Walker 1982) is probably the most popular method using advance data and resorts to the volume balance equation which specifies that cumulative infiltration (kt a ) is equal to total applied water (Q 0 t) minus surface storage (A 0 ):
where r z is the subsurface shape factor, Q 0 inflow rate, t application time, x distance the front has advanced in time t, and r y is a surface storage shape factor usually assumed to be 0.77. The method estimates infiltration at two points on the advance curve, usually at the mid-distance, t m , and at the downstream end of the field, t l , and then, the parameters of the Kostiakov equation k and a are calculated through a logarithmic transformation:
where V m and V l are the volumes infiltrated during advance to the middle and end of the furrow and t m and t l are the advance times to the middle and end of the furrow. Furrow geometry is described by exponential equations, which are themselves obtained by the two-point method. Thus, furrow width, T, and flow cross-section, A, are described as a function of flow depth, y:
T ¼ a 1 y a 2 and A = r 1 y r 2 ð5; 6Þ where a 1 and a 2 are the coefficient and exponent of the furrow width equation and r 1 and r 2 are the coefficient and exponent of the flow cross-section equation.
The effect of wetted perimeter on infiltration can be incorporated in simulations by relating infiltration to the relative wetted perimeter, wp'/wp 0 , in which wp 0 is the maximum value at the inlet, and wp' is calculated based on the actual flow rate (Walker 1999; Alvarez 2003) .
In surface irrigation practice, the Manning equation is often used to estimate flow depth and model furrow advance. To do this, it is necessary to attribute a value to the Manning roughness coefficient, n which will then affect the velocity of flow. Although roughness can be considered to be an intrinsic property of the soil surface, studies show (Sepaskhah and Bondar 2002) that the roughness coefficient decreases with increasing flow depth.
Material and methodology
The work on the equipment and software presented in this work began in 1998, and the field trials were carried out until 2008 at three different Research Stations in southern Portugal, presenting soils that are typical of the region (Divor Station: Luvissol, Comenda Station-Calcic Luvissol and Outeiro Station-Vertic Luvissol). All irrigation data presented in this work are from year 2 in the Divor Station, where the organization of the field in contour terraces provided the most challenging conditions for surface irrigation.
This research work can be divided into three main components: (a) development of the controlling software, containing three modules: infiltration, simulation, and management; (b) development of equipment for irrigation and control; (c) field trials for validation and improvement in the equipment and software.
Controlling software
Management module
The management module first loads field and furrow geometry as well as system configuration data such as individual furrow lengths and slopes, total available flow rate, gate distances and opening. Previous study (Shahidian et al. 1998 ) has shown that the infiltration equation and the simulation results are not significantly affected by the natural evolution of the geometry along the irrigation season, and thus, there is no need for regular input of these parameters.
Once irrigation starts, the controller parks the plug at the first set of furrows and makes a measurement of advance to the middle and end of a pre-defined control furrow. Two wireless water sensors inserted at halfway and at the end of the control furrow provide the controller with the advance times needed to calculate the infiltration equation.
From these measurements and the furrow geometry, the infiltration module calculates in real time the parameters of the Kostiakov infiltration equation without the steady-state term through the two-point method of Elliot and Walker (1982) . Manning 0 s roughness coefficient is determined as a 'calibrating' parameter by the flow simulation model to adjust simulated advance times to those observed in the control furrow.
Based on theses parameters, it estimates the application depth that will optimize the application efficiency of the event. Once these parameters are calculated, and if there is no override by the farmer, the simulation engine simulates advance in each individual furrow and adjusts individual application times in order to optimize water use efficiency. It then calculates and stores the time when irrigation should begin in each successive furrow. The management module then starts irrigating the furrows according to the individual advance times and the set application depth. At the end of the irrigation, it parks the plug and disconnects the water supply.
The programming was done in a low-level Basic language specific to the PLC and then compiled and uploaded to the controller.
Infiltration module
In cablegation, the total inflow is distributed to a series of gates in a typical progressively decreasing hydrograph. To establish the infiltration equation, the program needs to calculate the exact flow rate in the control furrow. The flow rate from each orifice Q o , in L min -1 , is calculated using a modified Bernoulli equation:
where, h-pressure head at the orifice, mm; Cd-coefficient of discharge, usually 0.65; D-equivalent diameter of the orifice, mm (equivalent diameter is the diameter of a circle with the same area as the gate opening).
In turn, the pressure head at the orifice, h, is obtained by an empirical relation derived from the Hazen-Williams equation (Kincaid and Kemper 1982) :
where, F-distance between orifices, mm; Di-internal diameter of the tube, mm; C-Hazen-Williams roughness coefficient; Q-total inflow into the cablegation, L min -1 ; Q c -maximum flow capacity, L min -1 . Based on the estimated flow into the control furrow, the advance times, and the furrow geometry and slope, this module calculates the parameters of the Kostiakov infiltration equation, using the two-point method of Elliot and Walker described in Section ''Advances in infiltration theory and practice'' Simulation module Overview The simulation engine uses an Eulerian spacetime grid to simulate advance in the furrows. It uses a fixed time step of one minute for calculating advance and infiltration in each cell of the grid. It starts from a known upstream condition and proceeds in the forward direction, calculating for each time step the flow area and discharge at each cell, as well as accumulated infiltration in these cells. The difference between inflow and total infiltration and surface storage in every cell provides the volume available for advance in the next time step.
The space covered by the advancing water front in every time step is calculated through the Manning 0 s flow equation Eq. 9, which is then stored in the model as the length of the new cell.
Advance rate Under uniform conditions, and assuming a regular soil profile, it is possible to establish a generalized relation between flow rate, Q, furrow geometry, and slope using the Manning 0 s uniform flow rate equation:
where A is the furrow cross-section, m 2 , R hydraulic radius
, and S is the friction slope in m m -1 . If we assume a power relation between furrow cross-section and wetted perimeter:
where c 1 and c 2 are empirical coefficients obtained from average furrow geometry; then advance rate, Vel (m min -1 ), can be established using the following expression:
where
Calculation of infiltrated volume
In each time step, the infiltrated volume is established by the derivative of the infiltration function. Thus, the infiltrated volume, Vinf (L), infiltrated along the cell s, is: s-infiltration opportunity time. Infiltration opportunity time s at a point located in cell s is:
where t is the time since the beginning of the irrigation and ts, advance time to cell s. The volume infiltrated in each time increment, V infl , along the furrow, is thus calculated as:
where m is the number of cells at the time step. And the total volume infiltrated in the furrow from the beginning of irrigation, V infttl , is
where T is the total time since the start of irrigation in the furrow. Surface storage The cross-section area of surface storage is a function of the flow rate in the cell and can be obtained through a modification of the Manning 0 s equation:
where:
Thus, surface storage in each cell and during each time step V sur is established as the product of cross-section area and the length of the cell, E(s).
Total surface storage, V surttl , is thus calculated as the volume stored in the time step and the tip cell, plus the volume stored in the previous cells.
Flow rate available for the next cell In the following time step, the flow rate available for the advance front in the new tip cell is established through a volume balance of the inflow, infiltrated and stored volumes from the start of irrigation in the furrow:
where, Q (s?1) -flow rate available for cell s ? 1; Vttl-total volume applied to the furrow; t inc -total time since the beginning of irrigation in the furrow.
An advantage of the proposed simulation model is that it does not need any input parameters besides those already used for determining the infiltration equation.
Establishing Manning 0 s roughness coefficient The simulation module calculates Manning 0 s roughness coefficient as a fitting parameter between the simulated and observed advance times in the control furrow. In this way, each irrigation is performed with the actual infiltration equation of the soil as well as furrow surface roughness.
Recommended application depth Experience has shown that infiltration can decrease rapidly in Luvissols (Shahidian et al. 1998) , and prolonging the infiltration opportunity time can result in excessive runoff. On the other hand, the greater the soil infiltrability, the greater can be the application depth. Thus, the target application depth can be optimized based on the infiltration rate, considering that beyond a pre-established threshold, the increase in application depth does not justify the resulting loss of water in runoff.
Based on the infiltration equation obtained at the beginning of the irrigation event, the program calculates the infiltration opportunity time after which the infiltration rate falls bellow 0.2 L m -1 min -1 and then recommends the corresponding accumulated infiltration depth. It then waits two minutes to allow the farmer to override it with an alternative application depth, before continuing with the simulation module.
The irrigation equipment
PLCs or Programmable Logic Controllers are being used extensively in manufacturing processes. Originally expensive and limited in capacity, today industrial PLCs are reliable pieces of equipment costing only slightly more than a standard irrigation controller. For the present work, the CipherLAB 520 PLC was selected, which is available with integrated flash memory for the program, a text display, a simple keyboard, I/O ports for receiving furrow advance data and four relays to control pumps, valves and other equipment (Fig. 2) .
A 12 V 25 W DC electric motor was used along with a 1,0009 reduction gear box to control the movement of the plug along the gated pipe. The whole system is powered by a 10 W solar panel mounted above the controller which charges a 12 V 7A gel battery through a voltage regulator, thus providing for continuous operation during the night. Two 5 V relays allow the PLC 0 s output port to operate the motor in both directions. The PLC and the other electronic parts are enclosed in a weather-proof box.
In order to facilitate the deployment of the system, all the components were assembled into a single unit, consisting of the cablegation distribution box, the motor, cable and reel, the solar panel, and all the electronic components. The only separate items are the two advance detectors that have to be carefully placed in the middle and end of the control furrow. These are made using commercial wireless rainsensors, in which the hygroscopic discs and the cap are removed and replaced by floats that activate the switch on the sensor when pushed up by the advance front. The sensor is then secured top down to the center of a platform inserted on the two sides of the furrow.
Unlike other cablegation systems with a continuous movement of the plug, in this system, the plug moves rapidly between gates and then stays stationary until the time to move to the next furrow. This results not only simplified electronics, but also reduced energy consumption and a more precise control of the irrigation.
Field trials
In areas with rolling hills, it is desirable to have furrows with a regular slope that is in agreement with the infiltration rate of the soil. The lower the infiltration rate of the soil, the smaller should be the slope of the furrows in order to slow down water movement and prolong the infiltration opportunity time. To achieve this goal, the field can be organized in contour terraces that are set out so that the bunds are located along contour lines, and thus, the furrows inside each terrace have the same slope. The drawback is that the resulting furrows are of different length, which poses a challenge to surface irrigation, since each furrow will need different admission times and volumes.
The soil of the Divor Research Station is a typical Mediterranean soil (FAO Luvissol) with a B horizon of very low permeability and representative for the dominating soils in southern Portugal. To evaluate the performance of the system under real field conditions at the Divor station, a 3.5-ha field was organized in six contour terraces, each 30 m wide (Fig. 3) . This resulted in 179 free drained furrows varying between 50 and 300 m in length, with a slope of 0.22% and spaced 0.75 m apart. UV-treated 210-mm-diameter gated pipe was laid on a precise grade of 2% slope to supply water to the furrows.
Advance times were measured at 20-m intervals along selected furrows. The inflow hydrograph in representative furrows was measured volumetrically every time the plug moved downstream, using a calibrated bucket, while outflow was measured with a modified broad crested flume, Replogle type, carefully installed at the very end of the furrows. Total inflow to the field, runoff from each terrace, as well as total outflow leaving the field, were measured with calibrated weirs with built-in stilling wells. Furrow Fig. 2 The controller deployed at the Comenda Research Station. All the components were pre-mounted on the cablegation box, with no need for any wiring or assembly by the farmer geometry was measured at 3 points along 12 furrows using a sliding bar profilometer and then averaged. Soil moisture content was measured with a Trime FM TDR probe at 3 points along the same 12 furrows at 3 different depths using pre-installed access tubes. Water was supplied through the Water Users' Association canal with long crested weirs and orifice turnout combination providing a fairly constant turnout discharge of 10 L s -1 . In year two, hybrid corn was planted on May 12 directly on ridges left from previous year using a direct sowing planter and a density of 1.1 9 10 5 plants per ha. Two irrigations were carried out to ensure crop emergence and then the furrows were reopened on June 18 in order to obtain uniform, smooth furrows. These two irrigations will not be considered in this work.
Application efficiency (AE) is very common in assessing the performance of surface irrigation. It is expressed as percentage of the total applied water, V inflow , that is contributing to the target, V RZ (Burt et al. 1997) . Given the nature of the soil in the Divor Station and the small application depths, there were no losses by percolation (data not shown) and thus all the water that did not leave the field as runoff was considered to be beneficial.
The performance of the simulation model was estimated using the root mean-squared deviation, RMSD, which is defined as:
where mo is the modeled and ob is the observed advance times, and the mean of the deviations, MD, also called bias, is defined as:
Results and discussion
In year two of the trials, observations were made on 29 irrigation events carried out after the furrows had been reopened (''Appendix 1''). To ensure a rapid advance in the freshly tilled soil, the first irrigation was carried out with a gate opening diameter of 43 mm and the rest of the irrigations with an opening of 23 mm. In order to study the effect of increasing the application depth on the efficiency of the irrigation, in events 19 and 26, the application depth was increased to 175% of the value recommended by the system. In order to study the effect of gate opening on the application efficiency, in irrigations 21-23, the gate opening was reduced from 23 to 18 mm and then 15 mm.
Infiltration
The results indicate that the system was able to effectively calculate the Kostiakov infiltration equation at the beginning of each irrigation, based on advance times to the middle and end of a control furrow. The value of the exponent a was generally smaller than 0.35, which translates into very flat cumulative infiltration curves and a sharp decrease in infiltration after the first few minutes (Fig. 4) . Effectively, after 20 min of irrigation, the infiltration rate was lower than 0.1 L m -1 min -1 in all but the first irrigation.
Infiltration decreased rapidly with the first five irrigations (Fig. 4) and then remained at a low rate typical of the Mediterranean soils. The Kostiakov k determined by the two-point method decreased steadily along the season from an initial value of 8.9 to around 2 (''Appendix 1''). At the same time, the value of the exponent a remained within the range of 0.25-0.35, which can be considered as typical of these Luvissols.
As expected, the decrease in the soil infiltration rate resulted in faster advance along the furrows. Based on the infiltration parameters of each irrigation, the system simulated advance in the furrows and made adjustments to the application time and depth in order to avoid excessive runoff. This resulted in a decrease in the duration of the irrigation events, which was reduced from 32 h for the first irrigation to little over 7 h at the end of the season (Table 1) This also meant a decrease in the average (Table 1) . This is mainly due to the fact that the values presented by the system refer to the lowest infiltration opportunity time at the furrow downstream and do not consider the recession.
Surface roughness as calculated by the infiltration module decreased steadily in the first nine irrigations from a value of 0.065 to 0.040 (Fig. 5) . It is possible to express the evolution of the roughness coefficient in the first nine irrigation events by an exponential expression with a coefficient of determination of 0.96. For the rest of the season, the roughness coefficient increased to around 0.05, accompanied by the growth of weeds and residue accumulation in the furrows. The experiment carried out in irrigations 21-23, in which the flow rate in the control furrow was reduced from 0.65 to 0.47 L s -1 (irrigation 21) and then to 0.38 L s -1 (irrigations 22-23), demonstrated the effect of flow depth on the calculated roughness coefficient, which increased to 0.06.
The simulations
The simulation module estimated the advance times in each furrow according to the infiltration equation and the gradually decreasing inflow hydrograph of cablegation system. One of the main concerns with using only one furrow as control is that natural field variability can result in a great divergence between simulated and observed data in the various parts of the field (Langat et al. 2007) . Besides the actual variability in soil properties, other factors such as irregular furrow slope, debris accumulation, and weed growth contribute to irregularities in advance times. Fig. 4 Left Evolution of soil infiltration along the first five irrigation events, year 2. Right Evolution of infiltration rate in the same irrigation events Real application depth was calculated based on inflow/outflow volumes receiving the same inflow hydrograph and the simulated advance in irrigation events 2 and 7. These results indicate that the model slightly underestimates advance rate at the beginning of the furrows when the flow depth is high. For the rest of the furrow length, the simulation is more precise and there is a good fit between the simulated and observed times. Figure 7 presents predicted and observed advance times in irrigations 3 and 21 shown with the 1:1 line drawn through the origin. The arrows point to a group of furrows, namely furrows 75 to 99 which have practically the same length (182 m), and thus, the simulation model calculates the same advance time for all of them (73 min in irrigation 3 and 60 min in irrigation 21). Due to the variability in field conditions, the actual observed times are different for each of these furrows, ranging between 51 and 74 min in irrigation 3 and 55 and 75 min in irrigation 21.
The MD, or bias, are presented in Table 2 and vary between -0.2 min for terrace 3 in irrigation 26 and -12.8 min for terrace 1 in irrigation 23. The MD is highest in terrace 4, where the furrows were about 100 m longer than the control furrow used for obtaining the infiltration equation. The field average bias indicates that the simulated times are in average 2 min less than the actual observed advance times.
The RMSD values were highest in the first irrigations and then decreased steadily to 8.2 min in irrigation 9. The average value of RMSD for the irrigation events presented in Table 2 is 10.5 min.
The mean error of the simulations under field conditions [(simulated advance time-observed advance time)/ observed advance time] varies between 17% in irrigation 3 and 6% in irrigation 9. These data, together with those of the RMSD and the average field MD, indicate a progressive decrease in the deviation in the first 9 irrigation events and then its rise at the end of the irrigation season. These data suggest that the surface roughness might influence the uniformity of observed advance times, since the lowest deviations were observed at mid-season, when the surface roughness was also at its lowest values.
System performance
Application efficiency
In the first irrigation with freshly tilled furrows, infiltration was very high and the AE was 91%. In the next eight irrigation events, the controller was able to adjust successfully the application times to the reduction in soil infiltration, resulting in AE values greater than 84%. From then onwards, and despite the adjustments made by the controller, the AE decreased gradually, reaching a value of around 70% in irrigation 29 (Table 1) .
In order to improve the AE, an experiment was carried out in irrigations 21-23, in which the gates were further closed so that the maximum flow rate was reduced from 0.65 to 0.47 L s -1 (irrigation 21) and then to 0.38 L s -1 (irrigations 22-23). This experiment was only partly successful (Table 1) in that it resulted in an increase in application depth, without any improvement in the AE. This could be due to the fact that although smaller flow rates decrease runoff flow, they also result in longer irrigation times and thus a proportional increase in the total runoff volume. The AE was particularly low in irrigation events 19 and 26, where the application depth was increased to 175% of the value recommended by the system. In these cases, the AE reached a value of 67.3%, demonstrating the benefit of using the recommended application depth. Figure 8 shows total runoff from the field and from each terrace in conjunction with the length of the furrow that was being irrigated at the time. It is possible to observe peaks of runoff resulting from the short furrows located at the end of each terrace. Although the controller made changes to the application times in these furrows, it was only partially able to control excess runoff produced by groups of small furrows located between long furrows. This is mainly due to the fact that cablegation irrigates simultaneously a set of furrows, and each is influenced by the application times of adjacent furrows. In the particular case of this irrigation event, a total of 18 furrows were being irrigated simultaneously.
Improvements in the equipment
Since automation also implies unsupervised operation, reliability becomes an important attribute of the irrigation equipment. During the irrigation events performed by the system, most of which carried out unsupervised during the night, various problems were detected and the appropriate changes made to the equipment and the software. Some of the main changes were as follows:
Protection brake It is not uncommon for flow depth in irrigation canals to be subject to fluctuations, which cause changes in field inflow. An increase in water supply means excessive pressure on the plug and damage to the motor caused by the force of water. To overcome this problem, a polyester drum-type brake was applied to the system that can be adjusted to counteract the force of water behind the plug and avoid mechanical damages.
Circuit breaker A circuit breaker was introduced that can turn off the motor if the force on the cable becomes excessive. Thus, if in an unforeseen event the motor starts pulling on the cable, this will shut down the system and protect the motor from breaking down.
Self-winding plug Another innovation is a ''self-return'' plug that frees itself from the cable at the end of the irrigation. This allows the cablegation system to automatically rewind the cable and be ready for the next event, saving the farmer around 15 min of preparation time before each irrigation event. Predicted advance time, min Observed advance time, min Fig. 7 Modeled and observed advance times in irrigations 3 (terraces 1-3) and 21 (terraces 1-4). The arrows point to a series of furrows in terrace 3 with the same length and thus the same simulated advance times Auto shut-off at the end of irrigation In many irrigation districts, farmers are encouraged to irrigate during the night. In order to relieve the operator from having to come back to the field at the end of the irrigation event, the system can cutoff water supply when the last furrow has been irrigated using a relay to operate an electric valve.
Conclusions
In year 2 at the Divor Station, a total of 29 irrigations were carried out to irrigate a corn crop. Soil infiltration decreased rapidly along the season, to a point where almost daily irrigations were necessary to satisfy crop needs, especially during tasseling. The system decreased progressively the actual application depth from 45 mm in the first irrigation to only 9 mm at the end of the season. These results show the advantage of adaptive irrigation systems, relieving the farmer from having to guess the best application depth and times for each irrigation.
An analysis of the infiltration equations obtained by the system indicates that within-season changes in infiltration are mainly translated as a decrease in the value of Kostiakov k, while the exponent a remains in the 0.25-0.35 interval, typical of the soil.
The results indicate that the low value of the exponent and the decrease in the k need to be taken into consideration when establishing the application depth. A constant application depth can lead to excessively long application times, resulting in decreased application efficiency. The proposed management module was able to adjust, by itself, the application depth to the infiltrability of the soil at the time of irrigation and thus maintain the field application efficiency above 80% in the first 10 irrigations and around 70% in the remaining events. Only when higher application depths were introduced by the operator did the application efficiency decrease below the 70% threshold.
The gradual smoothing of the furrow surface with each irrigation event resulted in a steady decrease in the surface roughness in the first nine irrigations. During the rest of the season, the roughness coefficient had an irregular behavior, but generally increased to around 0.05, accompanied by the growth of weeds and residue accumulation in the furrows. It was observed that the value of Manning 0 s roughness coefficient increased with a decrease in the depth of flow, which demonstrates that its value is not an absolute characteristic of the furrow surface, but depends on the flow depth.
The combined use of the two-point method and the Kostiakov infiltration equation resulted in acceptable simulations of advance and infiltration in Luvissols. However, the results indicate that the natural variability in field conditions leads to differences in advance times in furrows of same length. Since the system establishes the infiltration equation based on information from only one furrow, this variability can affect the quality of the resulting irrigation. Contour terracing and the associated land leveling are an important contribution to more uniform advance times.
The improved cablegation equipment using an electric motor for the precise movement of the plug and the various protection systems proved to be reliable and capable of unsupervised irrigation of the field throughout the night. The total labor necessary for each irrigation event was reduced to about 45 min, representing major cost saving for the farmers.
These results demonstrate the possibility of using PLCs to improve the reliability and ease of use of the cablegation system, while simultaneously improving the quality of irrigation and contributing to a decrease in the ecological footprint of irrigated agriculture. The proposed system is ideal for small-and medium-sized farmers who need to produce irrigated crops in fields of a few hectares and do not wish to invest heavily in irrigation and pumping equipment. 
